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Abstract::This research work is concerned with developing a more 
accurate correlation for the prediction of elemental sulphur 
deposition in a sour gas reservoir by exploring the relationship 
between compaction and elemental sulphur deposition over time 
and also incorporating porosity damage caused by reservoir 
compaction into the previous models in order to obtain a more 
robust representation of what actually occurs in the reservoir. The 
models considered indicates that the established new model gives 
the most accurate, reliable and practical result in predicting 
sulphur deposition which suggests that the rate of sulphur 
precipitation is seemed to have been underestimated by previous 
models. This may have not been unconnected with the fact that 
the new model based on non-Darcy flow, incorporated the 
porosity reduction caused by reservoir compaction which has 
been hitherto neglected by previous works. Therefore, reservoir 
compaction is a common phenomenon, which should be 
considered in sulphur deposition prediction since it leads to a 
faster rate of sulphur deposition. 
Nomenclature 
φi – Initial porosity  
 – Specific gravity of gas 
– Gas viscosity (Pa.s) 
h – Thickness (m) 
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Ka – Absolute permeability (m2) 
Ki – Initial permeability (m2) 
Ma – molecular weight of air 
Pi – initial pressure (Pa)  
Pwf – bottom hole flowing pressure (Pa) 
Qg – flow rate (m3/day) 
R – Gas constant (J/K. mol) 
r – Well bore radius (m)  
Ss – Sulphur saturation  
T – Temperature (K) 
t – Time (days) 
Z – z- factor 
Introduction 
Reservoir compaction has been 
considered an "exotic" aspect of 
reservoir engineering, usually studied 
only when the associated surface 
subsidence became a problem. In recent 
years, it has been recognized that 
reservoir compaction occurs in many 
reservoirs, and it is responsible both for 
improved recovery and a number of 
field operating problems. Consequently, 
the understanding of the process and the 
methods for its analysis has improved 
dramatically. 
 
It should be noted that reservoir 
compaction is mainly observed in 
unconventional reservoirs 
(unconsolidated or poorly consolidated 
reservoirs), or tight gas reservoirs that 
have been fractured. When compaction 
occurs, the porosity and permeability of 
the formation is reduced, causing a 
reduction in well productivity. Studies 
have shown that almost all deep sour 
gas reservoirs precipitate elemental 
sulphur usually as a result of the 
reduction in the solubility of elemental 
sulphur caused by decreasing pressure 
and/or temperature. This deposition 
leads to numerous operational problems 
such as sulphur plugging in the 
reservoir. Hence predicting the amount 
of elemental sulfur deposited in sour gas 
reservoir is one of the most important 
issues facing development of such 
reservoirs. Hence the need to develop a 
model for accurate prediction of 
elemental sulphur deposition is crucial 
to the economic viability and effective 
management of sour gas reservoirs. 
 
The first mathematical model of a solid 
phase sulphur precipitation in porous 
media and the influence of precipitation 
on fluid flow were developed in 1966 
[1].   
Guo et al. [2] developed a new 
analytical model to predict the 
formation damage due to sulphur 
deposition. The model was used to study 
the effect of sulphur deposition on gas 
relative permeability, reservoir porosity, 
and skin damage and reservoir rock 
wettability. The main objective of the 
model was to investigate the effect of 
radial distance on formation damage.  
Methodology 
  The assumptions made include: 
1. Radial flow 
2. Uniform thickness, 
homogeneous 
3. Non-Darcy flow and constant 
temperature and production rate 
4. The reservoir fluid is saturated 
with elemental Sulphur 
5. Sulphur is saturated in the gas 
phase in the formation 
6. Precipitated elemental sulphur 
in-situ deposit 
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7. low permeability shale gas 
formation with nanosized pores 
      8.   Precipitated elemental 
Sulphur is a solid particle. 
 
 
3.0 Model Development 
The mathematical expression by 
Chrastil (1982) is represented as: 
                            
(1) 
where Cr is the solubility of the solid-
phase sulphur (g/cm
3
),  is the fluid 
density (kg/m
3
), T is temperature (K), 
and k, M and N are empirical constants 
which can be obtained by experimental 
data regression.  
A typical empirical equation analogous 
to equation (1) for sulphur solubility in 
sour gas mixture was obtained from 
previous experimental data [3, 4] as 
follows: 
                
(2)  
where C is the solubility of sulphur.  
The fluid density in Eq. (2) can be 
calculated as: 
                                
(3) 
Differentiating eqn (2) with respect to 
pressure 
 
  (4) 
In Eq. (4), is a cubic function of 
pressure and changes dramatically in the 
zone near the wellbore. 
where  is the molecular weight of air 
= 28.97;   is gas relative density; R is 
universa gas constant; T is the formation 
temperature, K; Z is the gas deviation – 
factor; P is the gas reservoir pressure, 
MPa. 
 
The volume of sulphur that drops in the 
pore over a given time interval is given 
as; 
   
  (5) 
where  is precipitated sulphur volume, 
m
3; 
 is the density of sulphur, 
2.07g/cm
3
; t is production time, days. 
Sulphur saturation in porous media Ss is 
defined as the ratio of the volume of the 
deposited sulphur to the pore volume at 
the radial distance dr: 
 
 (6) 
The flow in the vicinity of the wellbore 
is non-Darcy flow which can be 
described as 
   
 (7) 
Combining Eq. 4, Eq. 5 and Eq.7 we 
have: 
   (8)   
where; 
   
 (9) 
    (10) 
Substituting (9) and (10) into eqn (8)  
(11) 
Here we introduce the empirical 
relationship between the relative 
permeability of the gas phase and the 
sulphur saturation proposed by Kuo, [5], 
as 
    (12)  
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Introducing the relationship which is 
used to relate permeability to saturation 
for the purpose of this work as:  
    (13)  
Introducing a relationship obtained from 
Fadairo et al. [6] 
    (14) 
Substituting Eq. (13) into Eq. (14)  
   (15) 
   (16) 
Here we introduce the porosity damage 
model [6] which relates porosity to 
saturation. It is given as;  
    (17)  
where Ss is sulphur saturation;   is the 
porosity of gas reservoir at any location; 
 is the initial porosity of gas reservoir; 
 and m are empirical constants which 
can be obtained experimentally. 
For a high sulphur content fractured 
reservoir, stress induced permeability 
reduction can be expressed in the 
following equation 
   (18)  
which is a relationship that relates 
permeability to compaction  
Where  is the permeability modulus 
and can be used to characterize the 
degree of permeability stress-sensitivity. 
Pi is the initial pressure, P is the current 
pressure, ki is the absolute permeability 
at the initial pressure, and k is the 
absolute permeability at the current 
pressure. 
Substituting eqn (18) into eqn (14) 
   (19) 
We obtain another relationship that 
relates porosity to compaction as: 
   (20)  
Combining eq. 13, eq. 17, eqn18 and eq. 
20 
   (21) 
Hence, 
  (22) 
Substituting eq. (22) in eq. (11) 
    
  (23) 
By mathematical manipulations and 
rearrangement, we obtain: 
  
  (24) 
Let b =   
  (25) 
Hence the eqn for relating sulphur 
saturation with time is given as  
 
  (25) 
 
Therefore  
 
  (26) 
Equation (26) is the new model equation 
under Non Darcy flow considering the 
effect of compaction on porosity 
amongst other factors. 
For Darcy flow when B = 0  
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 (27) 
Integrating with respect to   we finally 
obtained the relationship that relate time 
and saturation under Darcy flow while 
also accounting for porosity and 
permeability damage effects of 
compaction. 
  (28) 
Equation (28) is the new model equation 
under Darcy flow considering the effect 
of compaction on porosity amongst 
other factors. 
Assuming Darcy flow and no porosity 
damage, produces the Robert Model as: 
  
  (29) 
Also, assumption of Darcy flow having 
porosity damage, produces the Fadairo 
Model as: 
 
  (30) 
 
Comparing results obtained from the 
Robert model, Fadairo model, Guo 
model and the refined model; 
Robert Model: 
 
Fadairo Model: 
 
Guo model: 
 
The refined model: 
 
where;  
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Results and Discussion 
 
The model is resolved by integrating numerically to obtain the tables and charts below: 
 
 
   Table 1: Parameters used in solving the model 
Parameters  Parameters  
z factor 0.95 R 8.314 
viscosity (Pa.s) 0.00110707 r (m) 1 
initial Pressure (Pa) 36600000 Flowrate (m
3
/day) 200000 
BHP (Pa) 10000000 Ma 29 
initial porosity 0.04 specific gravity 0.72 
Temp  (K) 361.95 Alpha -6.22 
H(m) 30 Density 1.564624378 
Swi 0 Pi – Pwf 26600000 
Ka 1 Lander weak  3.06932E-09 
Ki 0.000007 Lander strong 1.49211E-08 
Tpr 1.49 Lander at no 
compaction 
0 
Ppr 8.03   
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                      Figure 1: The Effect of Strong Compaction on Sulphur Saturation 
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As can be observed in Table 1 and 
Figure 1 above in a reservoir 
undergoing strong compaction at 
approximately 368 days the Guo model 
shows a saturation of 0.3 while the 
refined model shows the same saturation 
at 345 days;  
Hence the previous models by 
neglecting the porosity change due to 
compaction underestimated the rate of 
sulphur deposition in the reservoir over 
time. 
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Figure 2: The Effect of Weak Compaction on Sulphur Saturation 
 
As can be observed in Figure 2 above; 
when there is weak compaction in the 
reservoir the Guo model shows a 
saturation of 0.3 at 432 days while the 
refined model shows the same saturation 
at an earlier time (426 days).  
Hence by neglecting the porosity 
damage due to compaction, the previous 
models underestimated the rate of 
sulphur deposition in the reservoir. 
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Figure 3: The Effect of No Compaction on Sulphur Saturation  
 
It can be observed in Figure 3 above 
(considering no compaction) that the 
Guo model and the modified model 
record the same results (approx. 450 
days) while Fadairo and Roberts’ model 
give two different lower results .  
This is because no compaction is 
considered and the disparity between the 
two models is caused by porosity and 
permeability change due to compaction. 
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Figure 4: The Effect of Compaction Type on Sulphur Saturation 
 
In Figure 4 above we compare the 
effect of different compaction types on 
the saturation of sulphur in the reservoir 
obtained using the refined-modified 
model. 
 It can be observed from the figure 
above that as the amount of compaction 
increases, the rate of sulphur deposition 
also increases while at constant 
saturation, the time decreases.  
A saturation of 0.3 will be observed at 
450 days under no compaction, the same 
saturation will be observed at 426 days 
under weak compaction and 345 days 
under strong compaction. 
 
Conclusion 
The result from Guo’s and the 
established new model shows that there 
is a wide discrepancy as compared with 
the result from Robert and Fadairo 
models. The models comparison 
indicates that the established new model 
gives the most accurate, reliable and 
practical result in predicting sulphur 
deposition which suggests that the rate 
of sulphur precipitation is seemed to 
have been underestimated by previous 
models. This may have not been 
unconnected with the fact that the new 
model based on non-Darcy flow, 
incorporated the porosity reduction 
caused by reservoir compaction which 
has been hitherto neglected by previous 
works.  Reservoir compaction is a 
common phenomenon, which should be 
considered in sulphur deposition 
prediction since it leads to a faster rate 
of sulphur deposition; 
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